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The hypothesis of ﬂoating ice shelves covering the Arctic Ocean during glacial periods was developed in
the 1970s. In its most extreme form, this theory involved a 1000 m thick continuous ice shelf covering
the Arctic Ocean during Quaternary glacial maxima including the Last Glacial Maximum (LGM). While
recent observations clearly demonstrate deep ice grounding events in the central Arctic Ocean, the ice
shelf hypothesis has been difﬁcult to evaluate due to a lack of information from key areas with severe sea
ice conditions. Here we present new data from previously inaccessible, unmapped areas that constrain
the spatial extent and timing of marine ice sheets during past glacials. These data include multibeam
swath bathymetry and subbottom proﬁles portraying glaciogenic features on the Chukchi Borderland,
southern Lomonosov Ridge north of Greenland, Morris Jesup Rise, and Yermak Plateau. Sediment cores
from the mapped areas provide age constraints on the glaciogenic features. Combining these new
geophysical and geological data with earlier results suggests that an especially extensive marine ice sheet
complex, including an ice shelf, existed in the Amerasian Arctic Ocean during Marine Isotope Stage (MIS)
6. From a conceptual oceanographic model we speculate that the cold halocline of the Polar Surface
Water may have extended to deeper water depths during MIS 6 inhibiting the warm Atlantic water from
reaching the Amerasian Arctic Ocean and, thus, creating favorable conditions for ice shelf development.
The hypothesis of a continuous 1000 m thick ice shelf is rejected because our mapping results show that
several areas in the central Arctic Ocean substantially shallower than 1000 m water depth are free from
glacial inﬂuence on the seaﬂoor.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction
The idea of an Arctic Ocean ice shelf grew from Mercer’s (1970)
geographic comparison between the Eurasian Arctic Ocean and
West Antarctica. Located close to the Earth’s north and south poles,
both regions host large continental shelf areas with water depths of
some hundreds of meters. Portions of the West Antarctic
* Corresponding author. Tel.: þ46 8 164719.
E-mail address: martin.jakobsson@geo.su.se (M. Jakobsson).
0277-3791/$ e see front matter Ó 2010 Elsevier Ltd. All rights reserved.
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continental shelf are today occupied by the West Antarctic Ice Sheet
(WAIS), while there is no equivalent ice sheet in today’s Eurasian
Arctic (i.e. in the Barents, Kara and Laptev seas). The WAIS is
marine-based, implying that its base is grounded well below sea
level and that it ﬂows, through systems of large ice streams, into
ﬂoating ice shelves (Bentley, 1987; Anderson, 1999). The Ross Ice
Shelf covers 511,680 km2 and the Filchner-Ronne Ice Shelf extends
over 439,920 km2 (British Antarctic Survey, 2005). Together these
two large ice shelves occupy an area corresponding to ca 21% of the
deep central Arctic Ocean area beyond the shallow fringing shelves.
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Mercer’s hypothesis was further developed by Hughes et al.
(1977) to involve a continuous 1000 m thick ice shelf covering
the Arctic Ocean that, together with surrounding grounded marine
and terrestrial ice sheets, behaved as a single dynamic Arctic Ice
Sheet during the LGM. In comparison, the mean thickness of the
Antarctic ice shelves is estimated to be 440 m, although thicknesses
>1000 m can be found near the grounding lines (Lythe et al., 2001).
Grosswald and Hughes (2008) further reﬁned the Arctic Ocean ice
shelf theory and concluded that continuous 1000 m thick ice
shelves were re-current elements during Pleistocene glacial
maxima, including the LGM.
The present Arctic Ocean circulation involves net inﬂow of
Atlantic water with about 1e1.5 Sv (1 SV ¼ 106 m3 s1) through the
Fram Strait and >2 Sv via the Barents Sea (Maslowski et al., 2004;
Rudels, 1995). These two ﬂow paths merge off the St Anna
Trough to form a cyclonic circulation along the slopes of the Arctic
continental margins (Fig. 1). Transporting heat and salt into both
the Eurasian and Amerasian Basins, the Atlantic water occupies
water depths below the cold halocline between about 200 and
600 m and has temperatures from 0 to 2  C. Therefore, the present

Arctic Ocean circulation regime efﬁciently inhibits the development of major ice shelves. Existing Arctic Ocean ice shelves are tiny
in comparison to the Antarctic ones and are located, for example, on
the shallow continental margin along northern Ellesmere Island
and in some deep Russian Arctic fjords, out of reach of warm
Atlantic water and supported by the prevailing onshore wind
direction (Jeffries, 1986; Williams and Dowdeswell, 2001;
Dowdeswell and Jeffries, in press).
Ocean circulation and water temperature underneath ice
shelves are critical for the ice mass balance; basal accretion
amounting to as much as 190 m of ice from the grounding line to
the calving front is observed underneath the Amery Ice Shelf in
eastern Antarctica (Fricker et al., 2001). On the other hand, warm
water has been shown to protrude onto the Amundsen Sea continental shelf in West Antarctica, causing thinning of the ﬂoating
margin of Pine Island Glacier (Walker et al., 2007; Wåhlin et al., in
press). It seems clear that, in order to grow large and thick
Antarctic-style ice shelves in the Arctic Ocean, the inﬂux of Atlantic
water must be shut down or restricted to deeper depths to prevent
basal melting and allow accretion. The importance of ocean

Fig. 1. Overview map of the Arctic Ocean with the circulation of surface (gray) and Atlantic waters (black) inferred from Rudels et al. (in press). Ice eroded areas mapped in previous
studies are indicated by a green shading. The locations of the sediment cores included in this study are shown by yellow ﬁlled stars along with abbreviations of their station ids:
P2, P1-92AR-P2; P6, P1-92AR-P6; P7, P1-92AR-P7; 3JPC, HLY0503-3JPC; 8JPC, HLY0503-8JPC; 12PC, 96/12-1PC; GC02, LOMROG07-GC-002; GC03, LOMROG07-GC-003; GC10,
LOMROG07-GC-10; 143SGC, YMER-143SGC; 132SGC, YMER-132SGC. The 1000 m isobaths is shown from Version 2.0 of the International Bathymetric Chart of the Arctic Ocean
(IBCAO) (Jakobsson et al., 2008a). The locations of detailed maps a-e shown in Fig. 2 are marked by orange boxes. Abbreviations of submarine features written with white capital
letters: AB, Amundsen Basin; AR, Alpha Ridge; Arlis Plateau; BS, Bering Strait; CB, Chukchi Borderland; FS, Fram Strait; LR, Lomonosov Ridge; MJR, Morris Jesup Rise; MR, Mendeleev
Ridge; NB, Nansen Basin; OS, Oden Spur; ST, St Anna Trough; YP, Yermak Plateau.

Author's personal copy

M. Jakobsson et al. / Quaternary Science Reviews 29 (2010) 3505e3517

temperature and circulation for the mass balance of ﬂoating ice was
also discussed by Broecker (1975), who suggested that “Floating Ice
Caps” in the Arctic Ocean could have developed if a critical steadystate sea ice thickness was reached. Broecker concluded that the
limiting factor for the development of thick ice was the degree to
which ice was exported from the Arctic through the Fram Strait.
The increased use of acoustic mapping tools from icebreakers
and submarines over the past decades has allowed a systematic
testing of the hypothesis of a 1000 m thick ice shelf in the Arctic
Ocean, because the grounding of deep-drafted ice on bathymetric
highs leaves diagnostic scars on the seaﬂoor. Ice grounding is
mapped down to 1000 m present water depth on the central
Lomonosov Ridge as well as on the Chukchi Borderland and Yermak
Plateau (Jakobsson, 1999; Polyak et al., 2001) (Fig. 1). However, the
limited spatial distribution of previously collected seaﬂoor
morphological data did not provide conclusive evidence for or
against a continuous ﬂoating ice shelf covering the entire Arctic
Ocean (Jakobsson et al., 2008b).
Here, we present new multibeam bathymetry and subbottom
proﬁles acquired during three expeditions from previously unsurveyed areas of the southern Lomonosov Ridge north of
Greenland, the Morris Jesup Rise, the Yermak Plateau, and the
Chukchi Borderland that, together with previously collected data,
allow us to conclude that large ice shelves existed during some
glaciations. These new data do not support the idea of a single large
and coherent 1000 m thick ice shelf covering the entire Arctic
Ocean. We propose that a large ice shelf complex was mainly
restricted to the Amerasian part of the Arctic Ocean and that its
existence depended on a different Atlantic water circulation. Dating
of sediment cores from ice grounded areas suggests that the most
prominent grounding events occurred during MIS 6.
2. Materials and methods
The geophysical data and sediment cores presented here were
primarily collected during four expeditions: (1) the Lomonosov
Ridge Off Greenland (LOMROG) 2007 when Swedish icebreaker
Oden supported by the Russian nuclear icebreaker 50 Years of
Victory were the ﬁrst ever surface vessels operating on the Lomonosov Ridge north of Greenland (Jakobsson et al., 2008c); (2) the
Healy-Oden Trans-Arctic Expedition (HOTRAX) 2005 when Oden
and the US Coast Guard Cutter (USCGC) Healy together transected
the central Arctic Ocean from the Bering Strait to the Fram Strait
(Darby et al., 2009); (3) The HLY0905 expedition with USCGC Healy
that included mapping of portions of the Chukchi Borderland; (4)
The LOMROG II expedition 2009 with Oden (Fig. 1). Multibeam
mapping during LOMROG 2007 was carried out using Oden’s
Kongsberg 12 kHz EM120 1 1 multibeam echo sounder and
subbottom proﬁling with the integrated chirp sonar SBP120 3
operating in a frequency range of 2.5e7 kHz. This multibeam
system was upgraded to Kongsberg’s EM122 prior to the LOMROG II
expedition. USCGC Healy has a 12 kHz Seabeam 2112 multibeam
and a Knudsen chirp sonar that were continuously operated during
the HOTRAX 2005 and HLY0905 expeditions.
The sediment cores included in this study were selected in order
to provide age information for the mapped ice grounding events. In
addition to cores from LOMROG 2007, we have analyzed two cores
from the Yermak Plateau retrieved during the Swedish YMER 1980
expedition (Boström and Thiede, 1984). Samples analyzed for
nannofossils were prepared from unprocessed sediment as smear
slides and examined using a light microscope at 1250 magniﬁcation. Nannofossils were counted in 50 ﬁelds of view following
methods described by Backman and Shackleton (1983).
Vertical X-radiographic images of the sediment in three LOMROG 2007 cores were used to study details of the sedimentary
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structures. Radiographs were produced following standard procedures (Löwemark and Werner, 2001). First, plastic boxes
9.5  6.5 cm large and 0.7 cm thick were pushed into the sediment,
and then cut out using a nylon string. The sediment slabs were put
in vacuum sealed plastic bags, placed directly on an X-ray ﬁlm and
then exposed at 55 kV, 3 mA for 3 min at the Department of Geosciences at the University of Bremen.
3. Results
3.1. Geophysical mapping
Along with the geophysical mapping data from LOMROG 2007,
HOTRAX 2005 and HLY0905, we also include previously published
results in this section in order to provide the circum Arctic Ocean
view of existing data with relevance for the glacial history, in
particular concerning the existence of marine ice sheets. On the
Morris Jesup Rise, which protrudes from the northern Greenland
continental margin (Fig. 1), traces of ice grounding in <1000 m
water depths were previously postulated from subbottom proﬁles
(Spielhagen et al., 2004). Our multibeam data reveal iceberg
plowmarks down to 1045 m present water depth (Fig. 2a); to our
knowledge the deepest iceberg-keel scour mapped in the central
Arctic Ocean. The deepest keeled icebergs plowing the seaﬂoor
arrived from the direction of the southern Lomonosov Ridge area
(Fig. 1). Morphological evidence shows that some of the thickest
icebergs plowed into the northwestern edge of the Morris Jesup
Rise before scouring across its crest and eventually drifting towards
the Fram Strait. The shallowest part of the surveyed area, reaching
940 m water depth, shows no evidence for coherent ice shelf
grounding.
The southern Lomonosov Ridge off Greenland has a wide, ﬂat,
and <1000 m deep area (Fig. 1). Although sea ice conditions
impacted the quality of geophysical data collected there, the
subbottom proﬁles reveal that the ridge crest shallower than
w785 m water depth was subjected to extensive ice grounding
(Figs. 2b and 3). However, the quality of the multibeam data
precludes a precise description of the glacial seaﬂoor morphology.
The shallowest part (w940 m) at the opposite end of the ridge, off
the Siberian margin, contains no signs of glaciogenic seabed
disturbance (Jokat, 1999). The central Lomonosov Ridge between
about 85 and 87 200 N is the area in the central Arctic Ocean
where ice grounding was ﬁrst mapped (Jakobsson, 1999;
Jakobsson et al., 2008b; Polyak et al., 2001) (Fig. 1). Here grounded ice eroded the ridge crest down to 1000 m present water
depth and scraped sediment off the crest. Eroded sediments were
re-deposited on the leeward side of the grounded ice, indicating
the direction of ice ﬂow (Jakobsson et al., 2008b; Kristoffersen
et al., 2004). Plowmarks from individual deep-keeled icebergs
also occur in water depths shallower than w850 m. Notably, there
are two parts of the central Lomonosov Ridge shallower than
1000 m where the seabed is unaffected by thick glacier ice, the
Oden Spur reaching 912 m and at 84150 N where the ridge is 890 m
deep (Jakobsson et al., 2008b). The observations of an undisturbed
seabed in several areas shallower than 1000 m suggest that
a coherent, 1000 m thick ice shelf did not exist in the central Arctic
Ocean; however, we cannot exclude the possibility of a thinner ice
shelf extending over these sites.
Based on previous side-scan images and subbottom proﬁles of
the Yermak Plateau, the ﬂat crest of the 510e530 m deep southern
part of the plateau at about 80 N 8 E was attributed to grounding of
an ice shelf forming a local ice rise (Vogt et al., 1994). Three alternative explanations were proposed for the Yermak Plateau ice
grounding: that it was formed from (1) an extension of an ice dome
centered on northern Svalbard, (2) from grounding of large tabular
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Fig. 2. Detailed multibeam maps showing swath bathymetric data from the Morris Jesup Rise (a), southern Lomonosov Ridge off Greenland (b), Chukchi Cap (c), Mendeleev Ridge
(d) and Yermak Plateau (e). Studied sediment cores that are located within the detailed map areas are marked by black dots and the chirp sonar proﬁles A0 eA and BeB0 presented in
(f) and (g) are shown by black/gray lines. The core locations are also shown in Fig. 1 along with that their full names are written in the ﬁgure caption. Chirp proﬁle CeC0 is shown in
Fig. 3. Black arrows are inferred directions of iceberg scours.

icebergs originating elsewhere than northwestern Svalbard, or (3)
from grounding of a continuous Arctic Ocean ice shelf (Vogt et al.,
1994). Our new multibeam data cover an area further to the
north on the plateau (Fig. 2e). Parallel glacial lineations are visible
running in a north-northwest to south-southeast direction in this
area. The lineations are on average about 520 m wide and have
a relief of approximately 10 m. Following Clark (1993), Dowdeswell
et al. (2004) and Shipp et al. (1999), we henceforth refer to these
large-scale glacial lineations as Mega Scale Glacial Lineations
(MSGL). However, it should be noted that the MSGL mapped, for
example in Antarctica and along the Norwegian continental
margin, are generally conﬁned to bathymetric troughs and interpreted to indicate fast ﬂowing ice streams. The features mapped in
this work are similar in morphology, but instead of occurring in
a bathymetric trough they are conﬁned to shallow bathymetric
highs. The MSGL mapped on the Yermak Plateau extend to a water
depth of w600 m and suggest the presence of coherent ice
grounding on the plateau. Furthermore, the MSGL appear to exit
along the southwestern part of the study area, which might

indicate that large tabular icebergs, calved from a thick ice shelf or
ice sheet outlet glacier, grounded on the Yermak Plateau on their
way from the Arctic Ocean to the Fram Strait. This is consistent with
the second explanation suggested by Vogt et al. (1994). However,
our multibeam swath bathymetry does not cover the most southerly edge of the Yermak Plateau and we cannot rule out that the
MSGL were instead formed from an ice sheet extending from
Svalbard. This would imply a rather unusual ice sheet conﬁguration
as the ice sheet would need to thicken beyond the generally less
than 200 m deep continental shelf of northern Svalbard (Fig. 4).
Basal freezing in this area also seems unlikely considering the
proximal location to the North Atlantic. The multibeam data also
show systematic sets of plowmarks from deep drafted icebergs
entering the plateau from both the southwest and northeast. These
scours were likely caused by icebergs produced by ice streams of
the Eurasian Ice Sheet; a topic further developed by Dowdeswell
et al. (submitted for publication).
The Chukchi Borderland is comprised of a group of generally
less than 1000 m deep parallel north-trending ridges north of the
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Fig. 3. Chirp sonar proﬁle from the southern Lomonosov Ridge. Glacial erosion starts
from about 785 m present water depth along this particular proﬁle. The data was
acquired during the LOMROG 2007 expedition in 10/10 and þ4 m thick sea ice. The
location of the proﬁle is marked in Fig. 2.c

Chukchi shelf. These ridges provide abundant evidence of glacial
inﬂuence including ﬂutes and MSGL, drumlins, morainic ridges,
and iceberg plowmarks (Jakobsson et al., 2005; Jakobsson et al.,
2008b; Polyak et al., 2007; Polyak et al., 2001). The new data
acquired from USCGC Healy in 2009 reveal MSGL on the eastern
part of the Chukchi Cap in water depths shallower than 450 m
(Fig. 2c). These are w4e20 m in relief and with crest-to-crest
distances ranging from w100 to >300 m (Fig. 2c). Their characteristics are similar to MSGL mapped on the continental shelf
surrounding Antarctica (Heroy and Anderson, 2005). Different sets
of lineations cross cut one another suggesting multiple events with
slightly different ice ﬂow directions (Fig. 2c). However, it is not
possible to conclude from the mapped glacial morphology whether
the ice ﬂowed from the northwest or southeast. In the northeastern
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corner of the mapped area, formations that appear to be morainic
ridges are located near the edge of the ridge crest (Fig. 2c). These
are on the order of 10 m high and have curvelinear shapes. Similar
to the Morris Jesup Rise, occasional icebergs plowed into the
eastern edge of the Chukchi Cap leaving deep plowmarks (Fig. 2c).
Orientations of glaciogenic features found on the Alaska-Beaufort
Margin (Engels et al., 2007), suggest that ice masses may ﬁrst have
extended from the northwestern margin of the Laurentide Ice
Sheet to the Chukchi Borderland forming the nucleus of a local ice
rise, which eventually may have developed into its own ice sheet.
Near 78 N, the Mendeleev Ridge has a minimum depth of 772 m
(Fig. 1). Irregularities in the seaﬂoor are apparent on subbottom
proﬁles, but multibeam data clearly show that these are not typical
features formed by glacial ice but rather that the seaﬂoor is
dominated by pockmarks (Fig. 2d). The absence of glacial features
on this 772 m deep portion of the Mendeleev Ridge is a strong
indication that the region remained free from the inﬂuence of
a 1000 m thick ﬂoating ice shelf. However, the southernmost part of
the Mendeleev Ridge between 76e77 N (known also as the Arlis
Plateau) was recently reported to be heavily eroded at water depths
between about 800 and 900 m and retrieved sediment cores reveal
that the erosional surface lies beneath a diamicton tentatively
dated to MIS 5.2 or 5.3 or older (Stein et al., in press).
3.2. X-ray identiﬁcation of ice erosional surfaces
X-radiographs of core LOMROG07-GC-10, retrieved from the
bottom of an iceberg plowmark on the Morris Jesup Rise (Fig. 2a),
reveal a clear angular erosional surface between 127 and 129 cm
(Fig. 5). Below this boundary sediments are ﬁne grained and show

Fig. 4. Proﬁle from the northern Svalbard continental margin to the MSGL mapped on the southern Yermak Plateau. If the MSGL were formed from an ice sheet extending from
Svalbard it would need to thicken beyond the generally less than 200 m deep shelf as the MSGL are located in water depths down to 600 m.
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Fig. 5. Bulk density, shear strength and X-Ray images of core LOMROG07-GC10 from the Morris Jessup Rise and LOMROG07-GC02, 03 from the southern Lomonosov Ridge off
Greenland. Shear strength data collected using a pocket penetrometer (squares) or hand held Torvane (circles).

signs of deformation. In contrast, directly above this boundary the
sediments are enriched in ice rafted debris (IRD). Shear strength
and bulk density show notable changes at the level where X-ray
images reveal the erosional surface. The decrease in sediment
density below the erosional surface, corresponding to an increase
in sediment porosity, is not consistent with overconsolidated
sediments, and may be an artifact of subglacial deformation or the
inﬁlling of the plowmark by slope failure. In cores LOMROG07-GC02 and LOMROG07-GC-03 from the southern Lomonosov Ridge
sharp boundaries indicating erosional surfaces are also observed. It
is not possible to irrefutably attribute these surfaces to iceberg/ice
sheet grounding. However, both cores show a shift towards higher
and less variable bulk density below approximately 60 cm (Fig. 5).

In core LOMROG07-GC-02, the increase in bulk density and
moderately elevated shear strength occur below the nannofossil
bearing unit. The sediment physical properties below 60 cm are
thus consistent with low porosity glacially deformed sediments.
3.3. Dating of Arctic Ocean glaciogenic bedforms
The age of the ice grounding event mapped on the central
Lomonosov Ridge was obtained by dating the stratigraphic unit
resting directly above the ice-eroded surface (Jakobsson et al.,
2001) (Fig. 6a). The onset of sedimentation after the ice
grounding was during MIS 5.5, implying that the grounding event
occurred during MIS 6. Cores from areas of ice grounding on the
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Fig. 6. Sediment cores from the Eurasian Basin (a) and the Amerasian Basin (b) discussed and studied in this work. Core locations are shown in Figs. 1 and 2. (a) Calcareous
nannofossil abundance of the three main taxonomic categories (Emiliania huxleyi, medium-sized (>3 mm) and small (<3 mm) Gephyrocapsa spp.) in Ymer cores 132SGC and 143SGC
as well as in LOMROG cores GC-02 and GC-10 all retrieved from ice eroded areas (see Fig. 1 for core locations). From these biostratigraphic results the location of MIS 5 is inferred in
all cores. Reference core 96/12-1pc from the central Lomonosov Ridge (Jakobsson et al., 2001) is included for correlation purposes. (b) Correlation of cores containing glacial
sediments along the Northwind Ridge. New data are presented for core HLY0503-3JPC while the data from the other cores were published by Polyak et al. (2007). Lithology: dark
gray, subglacial diamicton; light gray, glacially-displaced sediment; yellow, interglacial-type sediment units; green, LGM ﬁne-grained sediment with distinct IRD composition
(Polyak et al., 2009). Numbers to the right of the cores show 14C or amino-acid racemization ages; asterisks show prominent peaks of detrital carbonates. Inferred Marine Isotopic
Stages (MIS) are shown on the right.

southwestern Lomonosov Ridge, the Yermak Plateau and from one
of the deep iceberg scours on the Morris Jesup Rise were investigated with respect to calcareous nannofossils (Figs. 1, 2 and 6a). The
biostratigraphy is based on abundance relationships of three main
taxonomic categories, Emiliania huxleyi, and medium-sized
(>3 mm) and small (<3 mm) Gephyrocapsa spp. (Backman et al.,
2009), and through correlation to a reference core from the
Lomonosov Ridge where MIS 5 is established (Jakobsson et al.,
2000). Correlation of MIS 5 is straightforward from the reference
core to core GC-10 (Fig. 6a) from the Morris Jesup Rise, as well as to
other cores in the Eurasian Basin, with presence of E. huxleyi and
dominant medium sized gephyrocapsids below a gray sediment
layer. These data show that the large iceberg scours on the Morris
Jesup Rise were formed during MIS 6.
In Core GC-02 from the Lomonosov Ridge off Greenland, only rare
nannofossils were observed in three samples. These few specimens
were all medium sized gephyrocapsids (Gephyrocapsa muellerae,
Gephyrocapsa caribbeanica), which are interpreted to represent MIS

5, or possibly MIS 3, because MIS 7 would likely be represented by
small gephyrocapsids and MIS 1 by E. huxleyi. Thus, the existence of
MIS (3)5 sediments on top of a heavily eroded surface suggests a PreMIS (3)5 age for the ice grounding, most likely MIS 6.
The two Yermak Plateau cores, Ymer 132SGC and 143SGC,
correlate well to other dated reference cores (V27-60, PS2008-2)
(Dowdeswell et al., submitted for publication). The nannofossil
stratigraphy of core 143SGC indicates that MIS 5.1 occurs at
300e305 cm, and MIS 5 is still present in the lowermost nannofossil bearing sample at 345 cm at the base of the core. Furthermore, integration with chirp sonar proﬁles reveals that core 143SGC
did not fully penetrate the sediment drape on top of the MSGL. This
is further addressed below.
The lower part of core 132SGC has an unusually nannofossil rich
sample at 430 cm interpreted to represent MIS 5.5. MIS 5.1 is
tentatively placed in the 310e340 cm interval, and late MIS 3 is
tentatively placed at ca 120 cm. These ﬁndings are consistent with
an integrated stratigraphy for the Yermak Plateau illustrating that
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Fig. 7. (a) Chirp sonar proﬁle across the southern part of the Yermak Plateau. The location of the proﬁle is shown in (b). The black box indicates the enlarged part of the chirp sonar
record shown in (c). (b) Shaded relief produced from the multibeam bathymetry acquired in the area of Ymer core 143SGC during the LOMROG 2007 expedition. Glacial lineations
are indicated by green lines and some identiﬁed iceberg scours, post-dating the glacial lineations, are marked by red lines. The 143SGC coring site was projected onto the chirp
sonar proﬁle along a glacial lineation. The resulting position from this exercise is marked by a circle. (c) The projected location of site 143SGC shown on the chirp sonar proﬁle.
The penetration depth of the core is marked by a white bar (see text for details on the conversion from core depth to two-way travel time).

a continuous drape of sediments exists from at least MIS 5 time, and
that the likely formation of the glacial lineations was during MIS 6
(Dowdeswell et al., submitted for publication).
The nature and timing of the Chukchi Borderland glacial history
seems particularly complex since the degree and type of glacial
erosion varies in depth, and glaciogenic bedforms are superimposed on each other at some sites (Jakobsson et al., 2008b)
(Fig. 2c). Core stratigraphies from the southern end of the Northwind Ridge include two glacial erosional events, the ﬁrst during the
LGM and the second, more extensive erosion at an earlier time, but
clearly younger than MIS 6, most likely MIS 4 (Polyak et al., 2007).
HOTRAX core HLY0503-3JPC from the northern end of the Northwind Ridge immediately down-slope from the eroded area contains
two intervals of non-stratiﬁed, diamict-type sediment embedded in
the normal stratigraphic sequence (Fig. 6b). These intervals were
presumably formed by sediment displaced by eroding ice from the
ridge top during ice-grounding events. The correlation of this core
with earlier investigated Northwind Ridge stratigraphies indicates
that the upper diamicton corresponds to the widespread MIS 4
erosion at the more southern sites, whereas the lower diamicton is
older. Although the exact age of the sub-MIS 4 sediments is yet to
be determined, the stratigraphy between the two diamict intervals
is very similar to MIS 5 investigated on the Mendeleev Ridge (Adler
et al., 2009), which suggests the most likely age of the lower
diamicton is MIS 6 (Fig. 6b).

It must be noted that the Mendeleev Ridge core HLY0503-8JPC
has a slump unit emplaced in late MIS 6, which may also be indirect
evidence for the erosion of the ridge top during this time (Adler
et al., 2009). There is no core available from the area with the well
preserved glacial lineations on the Chukchi Cap shown in Fig. 2c.
3.4. Core-seismic integration on the Yermak Plateau
The chirp sonar records from the southern Yermak Plateau,
where the seaﬂoor is dominated by prominent parallel glacial
lineations from about 575 to 560 m water depth, reveal no subbottom penetration of the acoustic signal, suggesting either a hard
seaﬂoor or some degree of sediment reworking. Deeper than
approximately 575 m, a drape of acoustically stratiﬁed sediments is
imaged on top of the glacial lineations (Fig. 7). This relatively thin
(5e6 m) drape of sediment can be seen above 575 m water depth in
some of the “troughs” between the elevated portions of the lineations. Core 143SGC is not located directly on any of the chirp sonar
proﬁles acquired during LOMROG 2007. In order to ﬁnd the most
representative part of the acoustic stratigraphy for core 143SGC, the
glacial lineations are used as a guide to project the coring site onto
the nearest chirp sonar proﬁle (Fig. 7). The projected distance from
the coring site to the nearest chirp sonar proﬁle along a glacial
lineation is approximately 1000 m. Eq. (1) is derived from
measurements of physical properties from Ocean Drilling Program
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Fig. 8. Tentative reconstruction of MIS 6 ice shelves. Orange arrows indicate ice ﬂow inferred from geophysical mapping and white arrows hypothesized ice ﬂow. Red arrows show
scours from deep-keeled icebergs while red lines show iceberg scours where the direction is not possible to conclude. The portrayed bathymetry is derived by lowering the recently
estimated sea level drop during MIS 6 of 92 m (Rabineau et al., 2006) from the International Bathymetric Chart of the Arctic Ocean (IBCAO) (Jakobsson et al., 2008a). Areas shallower
than 1000 m present water depth where geophysical mapping shows no glacial erosion are pointed to by thin white lines; the numbers represent the shallowest water depth in
each area, i.e. in order to derive the MIS 6 water 92 m must be subtracted. The Eurasian Late Saalian Ice Sheet (MIS 6) is inferred from the reconstruction by the Quaternary
Environment of the Eurasian North (QUEEN) project (Svendsen et al., 2004). The North American Ice Sheet shown is the Late Wisconsinan by Dyke et al. (2002), updated to include
Banks and Melville Islands as ice covered (England et al., 2009), assuming that the late Illinoian Ice Sheet (MIS 6) covered at least this area in the Arctic region. See the caption of
Fig. 2 for the abbreviations of feature names.

Leg 151, Site 910 (Shipoard Scientiﬁc Party, 1995) on the Yermak
Plateau and allows conversion of acoustic Two-Way Travel time
(TWT) in seconds to depth below seaﬂoor:

z ¼ 0:846ðTWTÞ þ 0:000114ðTWTÞ2

(1)

Core 143SGC is 3.45 m long and, applying Eq. (1), this corresponds
to w4.1 ms TWT. Inserting this estimated penetration of core
143SGC into the chirp sonar proﬁle at the projected location shows
that the core likely did not fully penetrate through the drape and
across the ice grounding surface (Fig. 7c). The nannofossil stratigraphy indicates that MIS 5 is still present at the bottom of core
143SGC. Therefore, we suggest that the ice grounding responsible
for the glacial lineations on the Yermak Plateau and the erosional
surface marked in Fig. 7c occurred prior to MIS 5, i.e. MIS 6. The
Yermak Plateau regional stratigraphy is further developed in
Dowdeswell et al. (submitted for publication) and O’Regan et al.
(submitted for publication).
4. Discussion
4.1. An Arctic Ocean Ice Shelf in the Amerasian Basin
The present collection of geophysical data from the Arctic Ocean
does not support the existence of a continuous 1000 m thick Arctic
ice shelf because numerous bathymetric highs that would have
been affected by such an ice shelf show no evidence of glacial
overriding (Fig. 8). Previous studies of the Chukchi Borderland

suggest the re-current inﬂuence of ice grounding attributed to ice
shelves extending from the northern margin of the Laurentide Ice
Sheet combined with an ice rise formed over the borderland
(Jakobsson et al., 2008b). This is corroborated by traces of ice shelf
grounding along the Alaska-Beaufort margin (Engels et al., 2007).
Furthermore, the ﬂat topped nature of the southern Lomonosov
Ridge north of Greenland and the data presented here indicate
extensive ice grounding and the possible formation of local ice rises
in this area. The Morris Jesup Rise has the deepest iceberg plowmarks mapped in the Arctic Ocean, and the Yermak Plateau has the
imprints from huge tabular icebergs that grounded as they drifted
towards the Fram Strait.
Taken together, the geophysical and geological data from the
Arctic Ocean suggest that the largest Quaternary marine ice sheet
complex, including thick ice shelves, existed during MIS 6. It is
important to stress that it is not possible to determine precisely the
extent of such an Arctic Ocean ice shelf since a ﬂoating ice shelf per
se does not leave any direct geomorphic traces on the seaﬂoor.
Iceberg plowmarks and MSGL formed from ice shelves grounding
on, and passing over, shallow bathymetric highs such as the Yermak
Plateau are only indirect evidences of the existence of thick ice
shelves and do not reveal their precise spatial extents. However,
from the geographical spread of the geophysical and geological
datasets, ice shelves appear to have been primarily restricted to the
Amerasian part of the Arctic Ocean. Assuming that the southern part
of the Lomonosov Ridge off Greenland and Chukchi Borderland both
hosted ice rises and the large glacial troughs of the Canadian Arctic
Archipelago fed the MIS 6 ice shelf, its extent is roughly inferred in
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Fig. 8. In this ﬁgure, the areas of ice sheet grounding are inferred to
reach to the shelf break around much of the margin of the Arctic
Basin. The speculative extent of the ice shelf into deeper water is
indicated in Fig. 8. This extent of the ice shelf was estimated using
a thinning rate of 5 m per km beyond the grounding line (Martin
Siegerts, pers. comm.). The general maximum seaward limit is
deﬁned where the ice shelf thins to a thickness of 200 m. The only
exception is the Beaufort Sea area, where there are signs of ice shelf
grounding along the continental margin (Engels et al., 2007).
In this context the traces of ice grounding on the central
Lomonosov Ridge remain the most enigmatic of the described
features, as their direction suggests a Eurasian source for the
eroding ice. Previous interpretations of the MIS 6 erosional event
on the central Lomonosov Ridge include grounding of deep-drafted icebergs tightly clustered in armadas (Kristoffersen et al.,
2004) or grounding of an ice shelf extending from the BarentsKara Sea Ice Sheet (Jakobsson et al., 2008b). Another possible
explanation is grounding of a large fragment of an ice shelf that
existed somewhere along the Barents-Kara Ice Sheet, presumably
located in the innermost part of the Nansen Basin out of reach of
warm Atlantic water (Fig. 8). The two eroded areas on the central
Lomonosov Ridge total w5700 km2, implying that the grounded
ice shelf fragment (giant iceberg) would have to be in this size in
order to generate the spatially coherent ice grounding marks
mapped on the ridge crest. The largest icebergs presently calved
from Antarctic ice shelves reach this size and may occasionally be
much larger, as exempliﬁed by the >11,000 km2 B15 iceberg that
broke off the Ross Ice Shelf in 2000 (Joughin and MacAyeal, 2005).
4.2. The role of the Atlantic water inﬂux and the Arctic Ocean cold
halocline
By postulating that the growth of Antarctic-sized ice shelves in
the Arctic Ocean is prevented by the inﬂow of warm Atlantic
waters, it becomes important to address what oceanographic
mechanisms and processes would inhibit Atlantic water from
reaching the Amerasian Basin and, thus, allow ice shelf formation?
One possibility is that Polar Surface Water, forming a cold halocline,
extended to deeper water depths and consequently forced the
Atlantic water deeper. The depth of the cold halocline is primarily
controlled by the freshwater input from rivers and by windinduced vertical mixing acting to force the buoyant freshwater
downward (Stigebrandt, 1981). Perhaps counter-intuitively,
a weaker freshwater input results in a deeper halocline (Nilsson
and Wallin, 2010; Stigebrandt, 1981). The MIS 6 Arctic Ocean
likely received substantially less freshwater because the hydrological cycle is generally weaker in colder climates (Held and Soden,
2006) and speciﬁcally the rivers ending in the Barents and Kara
Seas were blocked by a very large Eurasian Ice Sheet (Svendsen
et al., 2004). Furthermore, w0.8 Sv of fresher water (32.5 psu) is
presently entering through the Bering Strait (Woodgate and
Aagaard, 2005) which, with a threshold of approximately 52 m,
was closed during the peak of MIS 6 (Rabineau et al., 2006).
Provided that the wind-induced vertical mixing was comparable to
that in the present climate, the cold halocline would deepen from
130 to 510 m if the freshwater supply was reduced from today’s
0.28 Sv to 0.1 (Appendix 1).
Another way to restrict the inﬂow of Atlantic water is to change
the ocean surface stress acting in the Nordic Seas and the Arctic
Ocean along the closed depth contours. This can be accomplished
by altered surface wind stress, but also by the presence of thick
perennial sea ice. Atmospheric modeling studies indicate more
prevailing anticyclonic wind conditions over the MIS 6 Arctic Ocean
with the limited ice shelf in the Amerasian Arctic as proposed in
this study (Colleoni et al., submitted for publication). This would

reduce the net cyclonic surface stress along the closed depth
contours and thereby act as a barrier to Atlantic water circulation;
the wind-forced Atlantic water circulation in the Arctic could even
cease if the integrated surface stress completely changed sign to
become anticyclonic (Nøst et al., 2008).
Finally, if the MIS 6 Arctic Ocean was more weakly stratiﬁed due
to less freshwater inﬂux, then an even greater fraction of the
Atlantic water would be forced to follow the depth contours than
at present. At critical narrow passages in the bottom morphology,
such as where the Lomonosov Ridge meets the Siberian continental margin, modest changes in density may yield reorganizations of the basin-scale circulation pattern, with the Lomonosov
Ridge acting as a topographic barrier to exchange with the
Amerasian Basin. Therefore, weaker Arctic Ocean density stratiﬁcation together with an ice sheet covering the Barents Sea in the
Saalian period could result in Atlantic water being restricted to the
Eurasian Basin. This conceptual model, in which Atlantic water
inﬂow persists, perhaps episodically, during glacial periods but is
restricted to the Eurasian Basin is in agreement with evidence for
Atlantic water inﬂow to the Norwegian-Greenland Sea and
through the Fram Strait reported at 145, 165 and 180 ka (Hebbeln
and Wefer, 1997; Lloyd et al., 1996). Furthermore, interpretations
based on the occurrence of warm-water dinoﬂagellate cysts,
benthic foraminifera and the abundance of biogenic calcite, indicate penetration of warm Atlantic waters to the northern Barents
Sea margin, at least to the Franz Victoria Trough, during the later
part of MIS 6, MIS 3 and MIS 2 (Knies et al., 2000; Knies and Stein,
1999; Matthiessen and Knies, 2001). There is no indication of
Atlantic water inﬂuence during MIS 6 in cores from the shelf off
Severnaya Zemlya, with warmer water suggested only during the
Holocene and Stage 5.5 (Knies et al., 2001).
4.3. An Arctic Ocean ice shelf during MIS 6 versus MIS 2
Ice shelves have likely existed in the Arctic Ocean during
several Quaternary glaciations. For example, a 635þ m thick ice
stream in the M’Clure Strait that fed an ice shelf beyond its
grounding line is suggested in a recent reconstruction of the Late
Wisconsinan Laurentide Ice Sheet (England et al., 2009). Our data
do not support a continuous 1000 m thick Arctic Ocean ice shelf
during the LGM, as previously suggested (Grosswald, 1988;
Grosswald and Hughes, 2008; Hughes et al., 1977), principally
because there is little evidence to suggest ice-grounding on the
Morris Jessup Rise, Lomonosov Ridge or Yermak Plateau during
the LGM. All the geophysical and core data indicate notable
grounding events prior to the LGM. This is further corroborated by
continuous ice-rafting from the Laurentide and Innuitian Ice
Sheets found in Arctic Ocean cores during the entire MIS 2 (Darby
and Zimmerman, 2008). Cores from Fram Strait and the central
Arctic show detrital Fe grains chemically matched to these ice
sheets with large abundance peaks in these grains every few
thousand years indicating large numbers of icebergs exiting Fram
Strait during MIS 2.
The Eurasian Ice Sheet during the Late Saalian period
(160e140 ka) was substantially larger than the Weichselian ice
sheets (MIS 5 to MIS 2) (Svendsen et al., 2004). However, it is not
obvious why the most extensive ice shelves and deepest keeled
icebergs existed during MIS 6, or why Atlantic water inﬂow would
be more restricted during this glacial period. Astronomical forcing
was suggested as an explanation for this observation (Colleoni,
2009). The eccentricity of the Earth’s orbit was much larger
between 160 and 140 ka than during the LGM. This enhanced the
precession cycle and inﬂuenced the amount of solar downward
radiation at the top of the atmosphere. Between approximately 160
and 144 ka insolation during summer and fall was higher compared
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to LGM, which, according to Atmospheric General Circulation
simulations, had a positive effect on the Eurasian Ice Sheet’s surface
mass balance. However, during the MIS 6 glacial maximum at about
140 ka the solar downward radiation at the top of the atmosphere
was w20 W/m2 lower during spring and summer than during the
LGM. Cooler spring and summer temperatures in the Arctic would
likely result in less precipitation further reducing the freshwater
inﬂux to the Arctic and subsequently deepening the halocline and,
thus, providing favorable conditions for ice shelf development.
5. Conclusions
Geophysical mapping of the southern Lomonosov Ridge off
Greenland, Morris Jesup Rise, Chukchi Borderland and Yermak
Plateau in the central Arctic Ocean portray MSGL and iceberg
plowmarks that constrain the existence of thick ice shelves and
deep drafting icebergs during previous glacial periods. The deepest
iceberg plowmarks are mapped on the Morris Jesup Rise and
extend to 1045 m below present sea level. Dating of sediment cores
from the ice grounded areas suggest that the deepest iceberg
plowing on the Morris Jesup Rise, central and southern Lomonosov
Ridge as well as the formation of MSGL on the Chukchi Borderland
and Yermak Plateau took place during MIS 6. Several areas in the
central Arctic Ocean shallower than 1000 m below present sea level
are, however, unaffected by ice erosion suggesting that the
hypothesis of a continuous 1000 m thick ice shelf in the central
Arctic Ocean can be rejected. From the mapped evidence of iceberg
plowing and ice shelf grounding, as well as the mapped un-eroded
bathymetric highs, we tentatively outline the extent of a MIS 6
Arctic Ocean ice shelf. We propose that inﬂux of Atlantic water
restricted ice shelf formation in the Eurasian Arctic Ocean, although
the existence of deep bathymetric troughs, such as the St Anna
Trough, bear witness to large ice streams that could have provided
sufﬁcient ice ﬂux for the development of ice shelves at some points
during the Quaternary.
Acknowledgements
The LOMROG 2007 expedition was carried out by the Swedish
Polar Research Secretariat (SPRS) and the HOTRAX expedition as
a collaboration between SPRS and the US National Science
Foundation (NSF). We thank the Captains and Crews on the Oden
and Healy icebreakers. Financial support was received from the
Swedish Research Council (VR), the Swedish Royal Academy of
Sciences through a grant ﬁnanced by the Knut and Alice
Wallenberg Foundation and the Bert Bolin Centre for Climate
Research at Stockholm University through a grant from FORMAS.
The Knut and Alice Wallenberg Foundation, VR and Swedish
Maritime Administration ﬁnanced the multibeam installation on
the icebreaker Oden. We thank John Anderson and an anonymous
reviewer for their helpful comments on the manuscript.
Appendix 1. A conceptual model of the Arctic Ocean cold
halocline
The stratiﬁcation of the Arctic Ocean has three distinct layers
(Rudels, 1995): The cold halocline comprised of near-freezing point
low salinity water, the intermediate Atlantic layer of warmer and
more saline water, and the cold deep-water layer. The physics
controlling the cold halocline can be examined with an analytical
two-layer model (Nilsson and Wallin, 2010; Stigebrandt, 1981)
consisting of an upper-layer halocline situated above and interacting with a layer of Atlantic water. The equatorward volume
transport in the cold halocline, exported to the Atlantic, is denoted
M and is much larger than the freshwater input F to the upper layer
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in the Arctic Ocean. As a result, conservation of salinity in the
halocline layer is given by

DSM ¼ S0 F

(A.1)

where DS is the salinity difference between the Atlantic water and
the halocline water and S0 ¼ 35 is a constant reference salinity. The
volume of the upper halocline layer, given by its surface area (A)
multiplied by its depth (H), is in a steady state determined by
a balance between the equatorward volume export and the windinduced mixing that acts to deepen the upper layer by incorporating Atlantic water. The export of water is assumed to be
geostropically controlled (Stigebrandt, 1981), whereas the
upwelling of the Atlantic water into the halocline layer is taken to
be proportional to the energy input from the wind to turbulent
mixing (denoted e per unit area) and inversely proportional to the
halocline depth and the density difference between the halocline
and the Atlantic layer (Dr) (Kato and Phillips, 1969). Solving for the
steady-state upper-layer depth and the volume export, one obtains
(Nilsson and Wallin, 2010)

H ¼

M ¼



A32r0 f 1=3
g 2 Dr2
!1=3
A2 e2
g2r0 f Dr

(A.2)

(A.3)

where f is the Coriolis parameter, g the acceleration of gravity, and
r0 ¼ 1000 kg m3 a constant reference density. The density difference is given by

Dr ¼ br0 DS  DrT

(A.4)

where b is the haline expansion coefﬁcient and DrT is the thermal
density difference between waters in the cold halocline and the
Atlantic layer. Eqs. (A.1)e(A.4) show that the halocline depth
increases with the energy input from the wind to the vertical
mixing e, whereas it decreases with the density difference,
i.e. a smaller density difference is associated with a deeper halocline. Fig. A1 shows how the halocline depth, salinity difference,
and the volume transport in the two-layer model depend on the
freshwater input to the Arctic Ocean. The results are obtained using
present-day conditions in the Arctic; i.e. A z 9  1012 m2,
e z 103 W m2, and DrT z 0.2 kg m3 (values are from (Jakobsson,
2002; Stigebrandt, 1981). The present-day freshwater input to the
Arctic is about 0.28 Sv of which 0.09 exits through the Canadian
Archipelago (Dickson et al., 2007). For a Fram Strait liquid freshwater (excluding ice) export of about 0.2 Sv, the two-layer model
yields roughly a halocline depth of 200 m, a salinity difference of
2.5, and a volume transport of 3 Sv; numbers that are consistent
with observations (Rudels, 1995). Note that the halocline depth
increases sharply as the freshwater supply decreases below about
0.1 Sv with the present choice of parameters. In a cold climate, the
freshwater input to the Arctic Ocean is decreased by a general
decline of the hydrological cycle (Held and Soden, 2006) and
presumably also due to enhanced freshwater transport carried by
sea ice. Thus, the present model supports the notion of a much
deeper cold halocline in glacial climates. Even if the halocline
would extend below the GreenlandeScotland Ridge (about 600 m
below the surface), the present model would still give a qualitative
description of the halocline depth. It is conceivable that the Atlantic
layer would be warmer in glacial periods as further equatorward
sea ice cover curtails surface heat loss. This would imply a larger
thermal density difference DrT, which also acts to deepen the cold
halocline.
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Fig. A1. Solutions of the two-layer model as a function of the freshwater input F. Panel a shows the depth of the cold halocline, roughly corresponding to the depth of the 34.5
isohaline surface within the present-day Polar Surface Water. Panel b shows the salinity difference between the Atlantic water and the halocline water. Panel c shows the export of
low salinity halocline water from the Arctic to the Atlantic. Note that the model does not include sea ice formation and convection on the continental shelf, which is essential for the
stratiﬁcation below the Atlantic layer in the Arctic but to the lowest order of approximation negligible for the dynamics of the cold halocline.
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